Abstract: The purpose of this study was to develop and test a new technique for recording natural head position (NHP) in 3 dimensions and transferring it into a three-dimensional computed tomography (CT) model. In this technique, a digital gyroscope was first attached to a human head using a bite-jig and a face-bow with a set of built-in fiducial markers. The relationship between the gyroscope and fiducial markers was predetermined and kept constant. The orientation (pitch, roll, and yaw) of the head was then recorded by this gyroscope. In next step, the head was CT scanned with the bite-jig and the face-bow in place, and three-dimensional CT models of the head and fiducial markers were generated. The head model was coupled with a predetermined three-dimensional model of the gyroscope assembly via fiducial markers. The threedimensional head model was reoriented to the recorded orientation by applying the recorded pitch, roll, and yaw to the gyroscope model. Finally, the accuracy of the technique was tested on a human dry skull. The results showed that the NHP was successfully recorded and transferred to the three-dimensional CT model. The orientations between the dry skull and its three-dimensional computer model were absolutely correlated. The difference (the lack of agreement) was within a range of j1.1 to 1.1 degrees, indicating no clinical significance. The authors concluded that our technique could accurately and repeatedly record NHP three-dimensionally and transfer it to a three-dimensional CT head model. 1Y3 This is especially true in the treatment of patients with severe three-dimensional deformities.
T he natural head position (NHP) provides vital information for the clinician in the diagnosis and treatment planning of craniomaxillofacial deformities. Treatment planning based on the NHP may improve functional and esthetic outcomes.
1Y3 This is especially true in the treatment of patients with severe three-dimensional deformities.
Various techniques have been used to record the NHP. The techniques have ranged in complexity from taking a cephalogram with the patient looking at their reflection in a mirror 1 to more recent, advanced method that uses inclinometers to record head orientation. 2, 4 Unfortunately, these techniques were originally developed for traditional two-dimensional cephalometric radiographs. In addition, each of the techniques to date is hampered by various problems including inherent problems in reproducibility, lack of three-dimensional information, and time consumption.
With advances in computer technology, three-dimensional computed tomography (CT), especially cone-beam CT, is now routinely used in clinical practice. However, the orientation of the patient's head is random during the CT acquisition. Without the head been oriented at NHP, the quantification of the deformity is often inaccurate. Therefore, it is crucial to develop a new technique that can be used to reorient a three-dimensional CT to the NHP. The purpose of this study was to develop and test a new technique for recording NHP in 3 dimensions and transferring it to a threedimensional CT model.
MATERIALS AND METHODS

New Technique for Recording NHP in 3 Dimensions
The technique uses a gyroscope assembly to record the threedimensional orientation of the face while the patient is in the NHP. The gyroscope assembly incorporates a digital gyroscope (3DM; MicroStrain, Inc, Williston, VT), a face-bow with built-in CTcompatible fiducial markers, and an individualized bite-jig (bite registration). The three-dimensional orientation of the head is represented by pitch, roll, and yaw, which are the angular displacements on sagittal, coronal, and axial orthogonal planes. The detailed technique for recording NHP in 3 dimensions is described as follows.
The first step in this technique is to fabricate an individualized bite-jig. An occlusal jig approximating an arch form is used for a bite registration (Fig. 1A) . The jig is filled with 1 sheet of dental acrylic material. It is then placed between the maxillary and mandibular dental arches to form an individualized occlusal ORIGINAL ARTICLE bite registration (Fig. 1B) . A face-bow is attached to the bite-jig (Fig. 1C) . A set of fiducial markers is integrated in the face-bow and will be used later to transfer the recorded NHP to the threedimensional CT model. The next step is to record the head orientation using the digital gyroscope. The digital gyroscope, using an orthogonal array of 2 accelerometers (in relation to the gravity) and a magnetometer (in relation to the north pole), computes the pitch, roll, and yaw at the center of the gyroscope and displays them in Euler angles. The gyroscope is attached to a CT-compatible face-bow (Fig. 1D) , which is then attached to the teeth via an individualized bite-jig. Once the head is at a desired orientation, the orientation (pitch, roll, and yaw) at the center of the gyroscope is recorded in 3 dimensions. Within the gyroscope assembly, the relationship (distance and angles) between the fiducial markers and the gyroscope is predetermined and remains constant. The relationship between the fiducial markers and the head also remains constant within the same subject because of the individualized bite-jig, although this relationship is different between the subjects. Therefore, the center of the gyroscope serves as the origin of the threedimensional head orientation.
New Technique for Transferring Recorded NHP to a Three-Dimensional CT Model
The technique uses a computer-aided designing (CAD) model of the gyroscope assembly to reorient the three-dimensional CT model of the face to the NHP. The CAD model of the gyroscope assembly is first coupled to the three-dimensional CT model. The recorded orientation is then applied to the CAD model of the gyroscope, bringing the three-dimensional CT model to the recorded orientation. The detailed technique for transferring the recorded NHP to a three-dimensional CT model is described as follows.
The first step is to generate three-dimensional computer models. The subject is first CT scanned while biting on a bite-jig and facebow with fiducial markers. The gyroscope is not attached to the facebow because the internal circuit board may cause artifacts on the CT images. Once the CT scan is completed, three-dimensional CT models of the head and fiducial markers are reconstructed ( Fig. 2A) .
The second step is to establish the center point of the gyroscope on the three-dimensional CT model. As described previously, the pitch, roll, and yaw are recorded at the center of the gyroscope, which is located in front of the face. However, the gyroscope itself is not present during the CT acquisition. To locate the center of gyroscope on the three-dimensional CT model, a predetermined CAD model of the gyroscope assembly is used (Fig. 2B ). The center of the gyroscope can be located on the three-dimensional CT models by registering the fiducial markers on CAD model of the gyroscope assembly to the fiducial markers on the three-dimensional CT model (Fig. 2C) . In both virtual and real environments, this registration process creates an identical relationship between the center of the gyroscope and the head.
The final step is to reorient the three-dimensional model of the head to NHP. Once the center of the gyroscope is located, the recorded three-dimensional orientation (pitch, roll, and yaw) is applied to the center, bringing the three-dimensional CT model to the desired orientation (Fig. 2D) .
Accuracy Test
To test the accuracy of this technique, an unidentifiable dry human skull was used. The dry skull was attached to a solid, flat, moveable plastic base via nylon screws (Fig. 3) . The attachments were reinforced with thermo-plasticized adhesive to ensure stability. This base served as a reference plane to verify the orientation of the dry skull. An individualized bite-jig was then created and placed between the maxillary and mandibular dental arches. After the face-bow was attached to the bite-jig, a CT scan was completed using an i-CAT cone-beam CT scanner (Imaging Sciences International, Hatfield, PA). The scanning matrix was 400 Â 400 with depth of gray levels 16 bits. The layer thickness was 0.4 mm with a field of view of 16 cm. The CT images were exposed at 120 of kV(p) for 20 seconds. The three-dimensional CT models of the dry skull, the fiducial markers, and the base were generated. Finally, the CAD model of the gyroscope assembly was coupled to the threedimensional CT model of the dry skull. The accuracy was tested in a variety of dry skull orientations in a stepwise fashion.
Initially, the mechanical accuracy (efficacy) was determined in a simulated and controlled situation. One single orientation (pitch, yaw, or roll) was tested at a time, keeping the other orientations constant at 0 degrees. The three-dimensional accuracy (effectiveness) was then determined in a simulated clinical situation in where the skull was oriented three-dimensionally (all pitch, yaw, and roll). The detailed procedure is as follows.
The physical base holding the dry skull was randomly oriented (Fig. 3) . The dry skull orientation was recorded using the gyroscope, which was attached to the skull via the bite-jig and the face-bow. Simultaneously, the orientation of the base was recorded using a second digital gyroscope. In the computer, the orientation of the dry skull was applied to the three-dimensional CT model via the computer model of the gyroscope. During this process, the computer model of the base was hidden to prevent the operator's visual bias. Once the three-dimensional CT model was oriented, the computer model of the base was displayed, and the orientation (pitch, yaw, and roll) was measured (Fig. 4) . The physical base was randomly oriented 12 times in each orientation (pitch, roll, and yaw alone and in 3 dimensions), respectively.
The orientation of the base of the computer model of the base was compared with the orientation of the physical base, and the difference (Delta) was calculated. These measurements were repeated 7 days later by the same investigators (E.S. and J.X. together), whereas the previously measured and calculated data were blinded.
Statistics
Statistical analyses were performed. A 2-way mixed-effect model (absolute agreement definition) for intraclass correlation coefficient was initially computed to determine whether the measurements performed at different time were agreeable. If they statistically absolutely agreed, the 2 measurements were averaged.
In addition, for the efficacy test, 1-sample t test of the Delta was performed to determine whether the Delta between the 2 measurements in single orientation (pitch, roll, or yaw) was statistically apart from B0,[ a hypothetical ideal number of the difference between 2 measurements. For the effectiveness test, analysis of variance for repeated measures was used to detect whether the Delta between the 2 measurements was statistically apart among the 3 dimensions (pitch, roll, and yaw). Furthermore, a 2-way mixedeffect model (absolute agreement definition) for intraclass correlation coefficient was computed to determine the absolute agreement between the measurements of the computer and physical bases.
Finally, the methods of Bland and Altman for assessing measurement agreement were used. 5 Data were screened, and the normal distribution assumption could not be rejected. The accuracy of our method was presented by the mean and SD of the Delta, 95% confidence interval (CI) of the bias (precision of estimated mean difference of agreements), lower and upper limits of the agreement, and their 95% CIs. According the previous studies, there would be no clinical significance if lack of agreement was less than 2 degrees.
1,6
RESULTS
The skull orientation was successfully recorded in three dimensions and transferred to its three-dimensional CT model. For the repeated measurements, a two-way mixed-effect model (absolute FIGURE 4. The three-dimensional CT models of the dry skull and base was reoriented by applying the recorded orientation to the CAD model of the gyroscope. The computer model of the base was marked hidden. It was displayed only after the head was reoriented. The orientation of the computer base was then calculated and compared with the recorded orientation of the same physical base. 
agreement definition) for intraclass correlation showed that the intraclass correlation was greater than 0.99 for each pitch, yaw, and roll, in both efficacy and effectiveness tests. This indicated a high degree of repeatability. Therefore, the same measurements performed at different times were averaged. In the efficacy (mechanical accuracy) tests, 1-sample t tests showed the Deltas of the measurements in pitch, yaw, and roll between the computer and physical base were not statistically significantly different from 0 degrees (P = 0.167, P = 0.705, and P = 0.329, respectively). In the effectiveness (three-dimensional accuracy) tests, analysis of variance for repeated measures also showed that the Deltas were not statistically significantly different from 0 degrees (P = 0.319).
The 2-way mixed-effect model (absolute agreement definition) for intraclass correlation coefficient between the measurements of the computer and physical bases showed that the intraclass correlations in each pitch, yaw, and roll in both efficacy and effectiveness tests were greater than 0.99.
Finally, the efficacy and effectiveness of the method in pitch, yaw, and roll were presented by the methods of Bland and Altman for assessing measurement agreement, respectively. The measurements are presented in degrees. The results of the methods of Bland and Altman for assessing measurement agreement for the efficacy and effectiveness of our technique are presented in Tables 1 and 2 . The lack of agreement in the orientations between the physical and the computer bases was within the range of j1.1 to 1.1 degrees, indicating no clinical significance.
DISCUSSION
Ideally, the recording of NHP should be three-dimensional. Many of the current methods were designed for two-dimensional cephalometric radiographs.
1,2,4,7Y10 Murphy et al 2 developed an electronic equipment to measure head posture (pitch). This device incorporated an inclinometer measuring declination and inclination of the head in a single axis onto a pair of lensless eyeglasses. Natural head position was recorded outside the radiograph room. The recorded pitch was used to position the patient in a cephalostat without engaging the ear rods. A plumb line was incorporated into the images to determine the Btrue vertical. [ Usumez and Orhan 4 modified the method of Murphy et al to measure both pitch and roll of head posture. However, a major problem with this method was that it was two-dimensional. It was designed for two-dimensional cephalographs not for three-dimensional models. In addition, it had inherent problems of instability related to the fit of the eyeglasses, the stability of the frames on the nose, and the weight of the device during NHP recording and cephalography. Subsequently, it also had problem with reproducibility related to the inconsistent position of the eyeglass frames on the patient over time. 2 Our technique provides a true three-dimensional orientation of the head. This new technique, which uses a gyroscope, can precisely record NHP in 3 dimensions and accurately transfer it to a three-dimensional model. The results also indicate that this method is repeatable. It uses a stable acrylic bite-jig, which allows the measurement to be taken repeatedly over the time, thus solving the stability and reproducibility problems. An additional advantage of this technique is its efficiency. Once the head is in NHP, the digital gyroscope will record the orientation within a second.
Natural head position recording methods should have no influence on the head orientation. Although the total weight of the gyroscope assembly is 85 g, our method might still affect head orientation because of the weight in front of the center of gravity. Therefore, future studies may include a study with calculated sample size to evaluate the accuracy of this technique and a study to determine whether the extra weight of the gyroscope assembly would affect the head orientation.
CONCLUSIONS
We have developed a technique that can accurately repeatedly record and transfer NHP to a three-dimensional model of human head. This new technique eliminates the limitations of previous techniques and significantly aids surgeons and orthodontists in the diagnosis and treatment planning of complex surgical cases. 
